Nanomechanical damping via electron-assisted relaxation of two-level
  systems by Maillet, Olivier et al.
Nanomechanical damping via electron-assisted relaxation of two-level systems
Olivier Maillet,1, 2, ∗ Dylan Cattiaux,1 Xin Zhou,1, 3 Rasul R. Gazizulin,1
Olivier Bourgeois,1 Andrew D. Fefferman,1 and Eddy Collin1
1Univ. Grenoble Alpes, CNRS, Institut Ne´el, 38000 Grenoble, France
2Department of Applied Physics, Aalto University, P.O. Box 15100, FI-00076 Aalto, Finland
3CNRS, Univ. Lille, Centrale Lille, Univ. Polytechnique Hauts-de-France,
IEMN UMR8520, Av. Henri Poincare´, Villeneuve d’Ascq 59650, France
We report on measurements of dissipation and frequency noise at millikelvin temperatures of
nanomechanical devices covered with aluminum. A clear excess damping is observed after switching
the metallic layer from superconducting to the normal state with a magnetic field. Beyond the
standard model of internal tunneling systems coupled to the phonon bath, here we consider the
relaxation to the conduction electrons together with the nature of the mechanical dispersion laws
for stressed/unstressed devices. With these key ingredients, a model describing the relaxation of
two-level systems inside the structure due to interactions with electrons and phonons with well
separated timescales captures the data. In addition, we measure an excess 1/f -type frequency noise
in the normal state, which further emphasizes the impact of conduction electrons.
Nano-electro-mechanical systems (NEMS) [1] are now
common tools used for ultra-sensitive detection [2] while
being ubiquitous model systems for the study of quan-
tum foundations involving mechanical degrees of freedom
[3, 4]. Both endeavours require resonators with high qual-
ity factors Q [5], so as to resolve either small frequency
changes due to e.g. masses added [2], or to preserve quan-
tum coherence over long enough times [6]. Yet, mecha-
nisms limiting the intrinsic Q factor of nanomechanical
systems mostly remain a puzzle despite intensive efforts
[7–9], especially at low temperature where quantum ef-
fects are expected to manifest themselves. Commonly
proposed mechanisms include clamping losses [10], and
higher order phonon processes [11], e.g. thermoelastic
damping [12] and Akhiezer damping [13]. While clamp-
ing losses are vanishingly small for thin beam structures
[10], phonon-phonon interactions are switched off at low
temperatures. In most cases, the surviving mechanism is
thought to be the coupling between the mechanical strain
arising from the resonator’s motion and low-energy ex-
citations in the constitutive material [7, 9, 14, 15]. The
latter are either defects or (groups of) atoms that tunnel
quantum mechanically between two nearly equivalent po-
sitions in the atomic lattice, hence forming two-level sys-
tems (TLS). These TLS cause damping of the mechanical
motion through their interaction with the induced strain
field and their own energy relaxation. The initial mi-
croscopic description of such a mechanism, the so-called
Standard Tunneling Model (STM), was introduced in the
early 70s [16, 17] to explain low-temperature properties of
amorphous materials and is still widely used nowadays,
its importance being renewed by e.g. superconducting
circuits [18–21] or nanomechanics studies [9, 14, 15, 22].
However, in the latter case, the model was unsuccess-
ful in describing nano-systems which integrate resistive
metallic elements [7, 14, 23].
In this Letter, we report the measurements from 10 K
down to 30 mK of the damping rate and frequency shift of
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FIG. 1. Top: scanning electron micrograph of the device (side
gate electrode not used). Bottom: schematic side view of
NEMS (left) and TLS-strain coupling (right) under a macro-
scopic applied force. Right panel: schematic potential en-
ergy of a single TLS at equilibrium (dashed) and under strain
(full line). The two minima (separated by an energy gap ∆)
are coupled through a tunneling element ∆0 ∝ e−d
√
2maV0/~,
where V0 is the barrier height, d the interwell distance and
ma the tunneling entity effective mass.
a high Q, high stress silicon nitride NEMS beam, covered
with a thin aluminum layer (Fig. 1). Using different mag-
netic fields we can tune the metallic layer state from su-
perconducting to normal below 1 K, revealing the unam-
biguous contribution to nanomechanical damping of the
normal state electrons reported for low-stress nanocan-
tilevers [23]. To explain this contribution, we quantita-
tively include a mechanism of TLS relaxation due to the
conduction electron bath [24] in parallel with phonon-
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FIG. 2. a) NEMS in-phase response to a small magnetomotive
excitation at T = 275 mK in superconducting (red dots) and
normal (blue dots) states of the metallic layer, normalized
to their peak height for better comparison. Solid lines are
Lorentzian fits. The resonance frequency difference is due
to the magnetomotive contribution, and the magnetomotive
damping contribution accounts for 5 % of the line width in
the normal state. b) Relative frequency shift δω0/ω0 as a
function of temperature. The line is a logarithmic fit, while
the dashed curve is a T 3 empirical law (see text).
assisted relaxation, for a given fraction of the TLS dis-
tribution. The reasoning is formally equivalent to the
one proposed in [8] where the authors introduce ad hoc a
retarded (imaginary in frequency domain) Young’s mod-
ulus, whose microscopic origin is addressed in our work.
The data are fit in all regimes, with a minimal set of free
parameters. For comparison, the model also successfully
reproduces the nanocantilever data of Ref. [23]. In addi-
tion, we measure the frequency noise as a function of tem-
perature in both normal and superconducting state. The
magnitude is found to differ substantially between the
two states, pointing again towards an electron-assisted
mechanism. The results together with the model pro-
vide an answer to the issue of nano-electro-mechanical
damping in (hybrid) metallic systems at low tempera-
tures, consistent with all the related results reported in
the literature so far.
The main sample is a 15 µm long silicon nitride beam
covered with 30 nm aluminum, having transverse dimen-
sions e × w = 130 nm × 300 nm (see Fig. 1), and
mounted on a cold finger thermally anchored to the mix-
ing chamber stage of a dilution refrigerator in cryogenic
vacuum. The motion of the fundamental flexural mode
of the beam at a frequency ω = 2pi × 17.5 MHz is actu-
ated and detected with the magnetomotive scheme [25],
the electromotive signal being detected by a lock-in am-
plifier [see Fig. 2a)]. Damping and frequency shift due to
remaining magnetomotive losses [25] or intermediate su-
perconducting properties [23] are carefully characterized
and subtracted to reveal the intrinsic mechanical damp-
ing. For each measurement point in the normal state,
we have used low excitation currents to minimize Joule
heating. The measurements were repeated over several
thermal cycles and found reproducible.
We observe a logarithmic dependence of the frequency
shift δω0/ω0 = C ln(T/T0) [with respect to an arbitrary
reference ω0, see Fig. 2b)] below 1 K, which we interpret
as evidence for TLS-driven behavior [17], in particular
since C = 2.1 × 10−5 agrees with commonly reported
values for similar structures [7, 9, 14]. This behaviour
arises from the resonant interaction of applied phonons
through magnetomotive driving and TLSs [17]. The fre-
quency shift above 1 K follows a T 3 law which we at-
tribute to thermal expansion mismatch between the two
layers [26]. Meanwhile, the measured damping rate rep-
resented in Fig. 3 is divided into two regimes in tempera-
ture: above 1-2 K it essentially reaches a nearly constant
plateau around 1.2 kHz. Below 600 mK at low magnetic
field (metallic layer in the superconducting state), it de-
creases linearly with temperature. Switching the metallic
layer to the normal state with the magnetic field leads to
a strikingly different dissipation rate [see Fig. 3, blue
dots] below 700 − 800 mK, while it does not contribute
further to the resonance frequency shift within our ex-
perimental accuracy (see Fig. 2b). Those observations
complement previous results [23] obtained with a low-
stress goalpost-shaped silicon nanoresonator (see Fig. 3
inset), with very similar features. This suggests that the
mechanism at stake in the normal state is independent
of geometry or mechanical properties. Between roughly
150 mK and 1 K the damping in the normal state shows
a sublinear power law-like behavior and reaches a satura-
tion threshold for lower temperatures, consistently with
previous measurements in similar conditions [7, 14, 27]
where Tα, α = 0.3− 0.7 dependences were reported.
The temperature dependence in the superconduct-
ing state can be explained using the canonical
STM appended with NEMS constraints such as low-
dimensionality [15, 28]. In addition, the high tensile
stress is shown to quantitatively affect the magnitude
of TLS-induced damping [29, 30] (but not the NEMS
elastic constants). Following the usual STM framework,
the NEMS is put into an oscillating motion at angular
frequency ω, and the structure undergoes an axial oscil-
lating strain. The strain field changes the local potential
energy landscape, leading to a modulation of the TLS
energy splitting ε =
√
∆2 + ∆20, where ∆ is the TLS
asymmetry and ∆0 the coupling energy between the two
potential wells. Subsequently, the TLS returns to equi-
librium by exchanging energy with the phonon bath (the
thermal strain field) over a characteristic time τ . This
causes a lagging stress response, leading to mechanical
energy dissipation. The mechanical damping rate result-
ing from the strain modulation of a TLS ensemble writes
[30]:
Γ[τ ] = Cω
∫∫
dεd∆×
P (ε,∆)
(
∆
ε
)2
sech2
(
ε
2kBT
)
ωτ(ε,∆)
1 + ω2τ2(ε,∆)
, (1)
Here we introduce the commonly assumed [17] TLS dis-
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FIG. 3. NEMS damping rate as a function of temperature
in normal (blue) and superconducting (red) states, with the
magnetomotive contribution subtracted. Inset: data from
Ref. [23]. Solid curves (main and inset) are fits using Eq. (1)
with relaxation rates due to phonons [Eq. (2)] and electrons
[Eq. (3)] to electrons. Dashed red and black lines correspond
to low and high temperature asymptotic behaviors, respec-
tively. The blue dotted line indicates a possible saturation
around 120 mK.
tribution P (ε,∆) = P0ε/(ε
2 − ∆2) where P0 is the
TLS density of states and C = P0γ
2pi2e2/12σ0l
2, with
σ0 = 1.1 ± 0.1 GPa the in-built axial stress. Note that
C is theoretically identical to the logarithmic slope of
the frequency shift [31], but its expression differs from
the one commonly derived [31] due to the influence of
high tensile stress on the excited flexural mode [30].
For high enough temperatures, the damping reaches a
plateau piωC/2, regardless of microscopic TLS scatter-
ing mechanisms. From the measured plateau we extract
C = 4.3×10−5, in qualitative agreement but differing by
a factor of 2 from the value given by the frequency shift
measurement. Similar discrepancies have been reported
[7, 9, 14, 23] and may be due to our simplified model that
neglects e.g. the bilayer structure or inhomogeneities in
the TLS distribution.
Below 600 mK, the measured linear dependence is con-
sistent with previous reports for similar beams [9, 32], but
is in contradiction with the usual T 3 dependence. How-
ever, at subkelvin temperatures, the dominant phonon
wavelength λ = hc/2.82kBT (∼ 100 nm at 1 K) becomes
bigger than the transverse dimensions of the resonator.
As a result TLS relax to equilibrium by exchanging en-
ergy only with longitudinal ones [30], which are not con-
fined and thus lie at lower energies. They realize a quasi
one-dimensional phonon bath with constant density of
states l/picl and linear dispersion relation, as proposed
e.g. in Refs. [9, 32] and more extensively studied in Refs.
[15, 28, 29]. At first non-vanishing order in the thermal
strain field perturbation, Fermi’s Golden rule yields the
relaxation rate of a single TLS due to its interaction with
the phonon bath [15, 30]:
τ−1ph =
γ2
~2ρewc3l
∆20
ε
coth
(
ε
2kBT
)
, (2)
where cl ∼ 6000 m/s and ρ = 2.9 × 103 kg/m3 are
the longitudinal sound speed and mass density for SiN,
respectively. Combining this relaxation rate with the
damping expression (1), we capture both the damping
data in the low temperature range when the field is low
enough to maintain superconductivity in the metallic
layer, and the high temperature limit. To consistently
fit both the low (Γ[τph] ∝ γ2CT , dashed red line in Fig.
3) and high (Γ[τph] ∝ C) temperature regimes we use
γ = 9.8 eV and P0 = 2.2 × 1044 J−1.m−3. The fitted
interaction energy is rather high (one would expect it
more around 1 eV), but may likely reflect a non-uniform
distribution of the TLS inside the beam [22], which is
out of the scope of this study. Note that our expres-
sion does not fit the data in the superconducting state
between 600 mK and 1 K, which we attribute to the sub-
stantial density of quasiparticle excitations in this range,
that should contribute to an excess damping through the
same mechanism as electrons in the normal state [33]: in
fact, above 800 mK the data in both states are identi-
cal within experimental accuracy, as observed previously
[23]. This shall be addressed elsewhere.
Concerning the results in the normal state, it is natu-
ral to consider the conduction electrons as an additional
relaxation channel for TLS in parallel with the phonon
bath: when a TLS entity tunnels, the Coulomb poten-
tial that scatters conduction electrons is modified, which
translates as an effective electron-TLS coupling. The cor-
responding relaxation rate is again obtained by Fermi’s
Golden Rule [30]:
τ−1el =
4piK
~
∆20
ε
coth
(
ε
2kBT
)
, (3)
where K = (n0V Ω)
2 is a normalized electron-TLS cou-
pling strength, n0 = 1.07× 1047 J−1.m−3 being the elec-
tronic density of states at the Fermi level for aluminum,
V an averaged coupling constant, and Ω the effective in-
teraction volume, which should vanish beyond the metal-
lic screening length (. 1 nm). The energy dependence
is the same as in the case of phonon-assisted relaxation,
which led previous studies to invoke additional effects
[7]. However, the averaging over the full TLS distribu-
tion leads to a weakened dependence in temperature of
the damping rate in the normal state. Indeed, it is certain
that not all TLS interact with electrons, due not only to
the fact that conduction electrons are located solely in
the metallic layer, but also because of the very nature of
the TLS-electron interaction: depending on the micro-
scopic nature of the TLS, the interaction may be very
weak, as in the case of a mere dislocation in the Al layer
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FIG. 4. a) Frequency noise spectrum at T = 100 mK in the superconducting (red) and normal (blue) state of the metallic
layer. Solid lines are 1/fµ type functions, with µ = 0.8 ± 0.2 here. b) Allan deviation √〈δf2〉 of frequency noise (δf is the
jump between two successive frequency measurements), extracted from the standard deviation of Gaussian fits to the jumps
histograms. Dashed lines (constant for the superconducting state, ∝ 1/√T for the normal state) are guides to the eye. Inset:
comparison of frequency jumps histograms in the superconducting and normal state at T = 100 mK. Solid lines are Gaussian
fits with mean 〈δf〉 = 0 and standard deviation thus directly reflecting the Allan deviation.
[9]. Therefore, electrically ”neutral” TLS interact with
phonons, but not with electrons, which leads to separate
averages over charged and neutral TLS.
For ”neutral” TLS and TLS within the SiN layer,
which relax only due to interactions with phonons, the
crossover temperature T ∗ph between the plateau and the
power law regime is defined by the condition ωτph ∼ 1.
Meanwhile for charged TLS, the crossover temperature
T ∗el is shifted down by electron-assisted relaxation be-
cause for these TLS the condition ωτ ∼ 1, where now
τ−1 = τ−1ph + τ
−1
el , is modified. Thus, for T
∗
el < T < T
∗
ph,
an intermediate regime emerges. At ultra-low temper-
atures, far beyond reach of conventional refrigeration
means, the ∝ T relaxation regime should be recovered
when all TLS in the structure satisfy ωτ  1. We fit the
data in the normal state using a balanced expression of
the damping rate ΓN = (1−x)Γ[τph]+xΓ[(τ−1ph +τ−1el )−1]
using for the two contributions the generic form of Eq.
(1), by assuming a fraction x = 0.17 of TLS interacting
with electrons with a coupling constant K = 0.07 well
below 1, which allows us to neglect Kondo-type strong
coupling corrections [34, 35], yielding an electron-TLS
coupling energy V in the 0.1 eV range. For comparison,
we have also fit the data obtained on another sample,
namely the goalpost-shaped silicon nanocantilever, cov-
ered with aluminum similar to that of the high-stress SiN
sample, measured in Ref. [23]. The dissipation in the
superconducting state features a T 3/2 power law at low
temperatures which might owe to a non-linear dispersion
relation of flexural mechanical modes in the device [36].
The data are reproduced using a semi-phenomenological
expression for the TLS-phonon relaxation rate [30]. The
normal state data were fit with parameters x = 0.12
and K = 0.11, comparable with the ones used for the
high stress SiN sample. This is consistent with a mecha-
nism independent from the mechanical properties of the
resonator, as the interaction lengthscale is much smaller
than any mechanical dimension.
The model captures the data in the whole tempera-
ture range, as seen in Fig. 3. In particular, it reproduces
the sublinear power law-like behaviour in the 0.1 K-1 K
range, consistently reported in previous works [7, 14, 23]
in similar experimental conditions. Although our model
captures to a large extent the saturation observed below
150 mK and reported in nearly every nanomechanical
damping study for the lowest operation temperatures, it
is likely that a hot electron effect also causes overheating
of the structure [37]. This saturation can be estimated
through the frequency shift measured in the normal state:
it provides a thermometer by using the deviation from the
logarithmic shift at the lowest temperatures, indicating
a saturation near 120 mK here [see Fig. 2b), blue dots],
consistent, within experimental accuracy, with the ob-
served damping saturation slightly above the theoretical
fit below 100 mK [see Fig. 3, blue dotted line].
The proposed modeling is fairly generic, and makes
minimal assumptions on the microscopic nature and lo-
cation of TLS. An educated guess based on our results
would locate those TLS which interact with electrons at
the interfaces, between the SiN and Al layer, and be-
tween the Al layer and its native oxide at the NEMS
surface: indeed, tunneling atoms are less likely to exist
within the metallic layer due to long-range order, leaving
kinks on dislocations, which are only weakly interacting
with electrons, as most probable candidates for TLS in
polycrystalline aluminum, as proposed in Ref. [9, 38].
5As an opening for further investigations, we have mea-
sured the resonant frequency noise of our device using
the dynamical bifurcation properties of the NEMS in the
Duffing regime [39, 40]. The observed spectrum is that
of a 1/f -type noise typical of a collection of switching
two-level systems [41]. Notably, a visible increase of its
magnitude is observed below 1 K when the metallic layer
is switched to the normal state, as seen in Fig. 4. Since
at these temperatures the switching, which is due to tun-
neling, is mainly induced by TLS-electrons interactions,
it is reasonable to expect that electron-TLS interactions
cause the excess frequency noise: the tunneling events oc-
curring during TLS relaxation cause local rearrangement
of atoms, and may thus lead to stress (i.e., frequency)
fluctuations.
In conclusion, our results support the idea that
electron-driven TLS relaxation in metallic nanomechan-
ical structures is the dominant mechanism of damp-
ing, through timescale decoupling between phonon- and
electron-induced TLS relaxation. This may bring an an-
swer to several issues raised over the last two decades
by nanomechanical damping measurements at low tem-
peratures. In addition, we expect that measurements of
frequency noise may shed further light on microscopic
mechanisms at work, possibly highlighting interactions
between TLS [42], through e.g. a careful extraction of
the exponent of frequency noise [43].
We acknowledge the use of the Ne´el facility Nanofab
for the device fabrication. We acknowledge support from
the ERC CoG grant ULT-NEMS No. 647917, StG grant
UNIGLASS No. 714692. The research leading to these
results has received funding from the European Union’s
Horizon 2020 Research and Innovation Programme, un-
der grant agreement No. 824109, the European Mi-
crokelvin Platform (EMP).
∗ olivier.maillet@aalto.fi
[1] H. G. Craighead, “Nanoelectromechanical systems,” Sci-
ence, vol. 290, no. 5496, pp. 1532–1535, 2000.
[2] J. Chaste, A. Eichler, J. Moser, G. Ceballos, R. Rurali,
and A. Bachtold, “A nanomechanical mass sensor with
yoctogram resolution,” Nature Nanotechnology, vol. 7,
p. 301, May 2012.
[3] A. D. O’Connell, M. Hofheinz, M. Ansmann, R. C. Bial-
czak, M. Lenander, E. Lucero, M. Neeley, D. Sank,
H. Wang, M. Weides, J. Wenner, J. M. Martinis, and
A. N. Cleland, “Quantum ground state and single-
phonon control of a mechanical resonator,” Nature,
vol. 464, pp. 697–703, Apr. 2010.
[4] C. F. Ockeloen-Korppi, E. Damska¨gg, J.-M.
Pirkkalainen, M. Asjad, A. A. Clerk, F. Massel,
M. J. Woolley, and M. A. Sillanpa¨a¨, “Stabilized en-
tanglement of massive mechanical oscillators,” Nature,
vol. 556, no. 7702, pp. 478–482, 2018.
[5] A. H. Ghadimi, S. A. Fedorov, N. J. Engelsen, M. J.
Bereyhi, R. Schilling, D. J. Wilson, and T. J. Kippen-
berg, “Elastic strain engineering for ultralow mechanical
dissipation,” Science, vol. 360, no. 6390, pp. 764–768,
2018.
[6] D. J. Wilson, V. Sudhir, N. Piro, R. Schilling,
A. Ghadimi, and T. J. Kippenberg, “Measurement-based
control of a mechanical oscillator at its thermal decoher-
ence rate,” Nature, vol. 524, pp. 325–329, Aug. 2015.
[7] G. Zolfagharkhani, A. Gaidarzhy, S.-B. Shim, R. L.
Badzey, and P. Mohanty, “Quantum friction in nanome-
chanical oscillators at millikelvin temperatures,” Phys.
Rev. B, vol. 72, p. 224101, Dec. 2005.
[8] Q. P. Unterreithmeier, T. Faust, and J. P. Kotthaus,
“Damping of Nanomechanical Resonators,” Phys. Rev.
Lett., vol. 105, p. 027205, July 2010.
[9] F. Hoehne, Y. A. Pashkin, O. Astafiev, L. Faoro, L. B.
Ioffe, Y. Nakamura, and J. S. Tsai, “Damping in high-
frequency metallic nanomechanical resonators,” Phys.
Rev. B, vol. 81, p. 184112, May 2010.
[10] I. Wilson-Rae, “Intrinsic dissipation in nanomechani-
cal resonators due to phonon tunneling,” Phys. Rev. B,
vol. 77, p. 245418, June 2008.
[11] A. N. Cleland, Foundations of Nanomechanics. Berlin:
Springer, 2003 edition ed., Nov. 2002.
[12] R. Lifshitz and M. L. Roukes, “Thermoelastic damping
in micro- and nanomechanical systems,” Phys. Rev. B,
vol. 61, pp. 5600–5609, Feb. 2000.
[13] S. S. Iyer and R. N. Candler, “Mode- and direction-
dependent mechanical energy dissipation in single-crystal
resonators due to anharmonic phonon-phonon scatter-
ing,” Phys. Rev. Applied, vol. 5, p. 034002, Mar 2016.
[14] A. Venkatesan, K. J. Lulla, M. J. Patton, A. D. Armour,
C. J. Mellor, and J. R. Owers-Bradley, “Dissipation due
to tunneling two-level systems in gold nanomechanical
resonators,” Phys. Rev. B, vol. 81, p. 073410, Feb. 2010.
[15] B. D. Hauer, P. H. Kim, C. Doolin, F. Souris, and
J. P. Davis, “Two-level system damping in a quasi-one-
dimensional optomechanical resonator,” Phys. Rev. B,
vol. 98, p. 214303, Dec 2018.
[16] P. W. Anderson, B. I. Halperin, and C. M. Varma,
“Anomalous low-temperature thermal properties of
glasses and spin glasses,” The Philosophical Magazine: A
Journal of Theoretical Experimental and Applied Physics,
vol. 25, pp. 1–9, Jan. 1972.
[17] W. A. Phillips, “Tunneling states in amorphous solids,”
J Low Temp Phys, vol. 7, pp. 351–360, May 1972.
[18] J. M. Martinis, K. B. Cooper, R. McDermott, M. Stef-
fen, M. Ansmann, K. D. Osborn, K. Cicak, S. Oh, D. P.
Pappas, R. W. Simmonds, and C. C. Yu, “Decoherence
in Josephson Qubits from Dielectric Loss,” Phys. Rev.
Lett., vol. 95, p. 210503, Nov. 2005.
[19] T. Capelle, E. Flurin, E. Ivanov, J. Palomo, M. Ros-
ticher, S. Chua, T. Briant, P.-F. Cohadon, A. Heidmann,
T. Jacqmin, and S. Dele´glise, “Probing a two-level system
bath via the frequency shift of an off-resonantly driven
cavity,” Phys. Rev. Applied, vol. 13, p. 034022, Mar 2020.
[20] C. Mller, J. H. Cole, and J. Lisenfeld, “Towards under-
standing two-level-systems in amorphous solids: insights
from quantum circuits,” Reports on Progress in Physics,
vol. 82, p. 124501, oct 2019.
[21] H. le Sueur, A. Svilans, N. Bourlet, A. Murani, L. Berg,
L. Dumoulin, and P. Joyez, “Microscopic charged fluctu-
ators as a limit to the coherence of disordered supercon-
ductor devices,” 2018.
S6
[22] M. Hamoumi, P. E. Allain, W. Hease, E. Gil-Santos,
L. Morgenroth, B. Ge´rard, A. Lemaˆıtre, G. Leo, and
I. Favero, “Microscopic nanomechanical dissipation in
gallium arsenide resonators,” Phys. Rev. Lett., vol. 120,
p. 223601, May 2018.
[23] K. J. Lulla, M. Defoort, C. Blanc, O. Bourgeois, and
E. Collin, “Evidence for the Role of Normal-State Elec-
trons in Nanoelectromechanical Damping Mechanisms
at Very Low Temperatures,” Phys. Rev. Lett., vol. 110,
p. 177206, Apr. 2013.
[24] S. Hunklinger and A. K. Raychaudhuri, “Chapter 3:
Thermal and Elastic Anomalies in Glasses at Low Tem-
peratures,” in Progress in Low Temperature Physics
(D. F. Brewer, ed.), vol. 9, pp. 265–344, Elsevier, Jan.
1986.
[25] A. N. Cleland and M. L. Roukes, “External control of dis-
sipation in a nanometer-scale radiofrequency mechanical
resonator,” Sensors and Actuators A: Physical, vol. 72,
pp. 256–261, Feb. 1999.
[26] E. Collin, J. Kofler, S. Lakhloufi, S. Pairis, Y. M. Bunkov,
and H. Godfrin, “Metallic coatings of microelectrome-
chanical structures at low temperatures: Stress, elas-
ticity, and nonlinear dissipation,” Journal of Applied
Physics, vol. 107, p. 114905, June 2010.
[27] M. Imboden and P. Mohanty, “Evidence of universality
in the dynamical response of micromechanical diamond
resonators at millikelvin temperatures,” Phys. Rev. B,
vol. 79, p. 125424, Mar 2009.
[28] R. O. Behunin, F. Intravaia, and P. T. Rakich, “Dimen-
sional transformation of defect-induced noise, dissipa-
tion, and nonlinearity,” Phys. Rev. B, vol. 93, p. 224110,
Jun 2016.
[29] O. Maillet, Stochastic and non-linear processes in nano-
electro-mechanical systems. Theses, Universite´ Grenoble
Alpes, Mar. 2018.
[30] “See supplementary information for detailed calculations
and additional data.,”
[31] W. A. Phillips, “Two-level states in glasses,” Reports on
Progress in Physics, vol. 50, pp. 1657–1708, dec 1987.
[32] J. Sulkko, M. A. Sillanpa¨a¨, P. Ha¨kkinen, L. Lechner,
M. Helle, A. Fefferman, J. Parpia, and P. J. Hakonen,
“Strong Gate Coupling of High-Q Nanomechanical Res-
onators,” Nano Lett., vol. 10, pp. 4884–4889, Dec. 2010.
[33] O. Suchoi and E. Buks, “Damping in a superconduct-
ing mechanical resonator,” EPL (Europhysics Letters),
vol. 117, p. 57008, mar 2017.
[34] S. N. Coppersmith and B. Golding, “Low-temperature
acoustic properties of metallic glasses,” Phys. Rev. B,
vol. 47, pp. 4922–4936, Mar. 1993.
[35] A. J. Leggett, S. Chakravarty, A. T. Dorsey, M. P. A.
Fisher, A. Garg, and W. Zwerger, “Dynamics of the dissi-
pative two-state system,” Rev. Mod. Phys., vol. 59, pp. 1–
85, Jan. 1987.
[36] C. Seoa´nez, F. Guinea, and A. H. Castro Neto, “Surface
dissipation in nanoelectromechanical systems: Unified
description with the standard tunneling model and effects
of metallic electrodes,” Phys. Rev. B, vol. 77, p. 125107,
Mar. 2008.
[37] M. L. Roukes, M. R. Freeman, R. S. Germain, R. C.
Richardson, and M. B. Ketchen, “Hot electrons and en-
ergy transport in metals at millikelvin temperatures,”
Phys. Rev. Lett., vol. 55, pp. 422–425, July 1985.
[38] A. D. Fefferman, R. O. Pohl, and J. M. Parpia, “Elastic
properties of polycrystalline al and ag films down to 6
mk,” Phys. Rev. B, vol. 82, p. 064302, Aug 2010.
[39] J. S. Aldridge and A. N. Cleland, “Noise-Enabled Pre-
cision Measurements of a Duffing Nanomechanical Res-
onator,” Phys. Rev. Lett., vol. 94, no. 15, p. 156403, 2005.
[40] O. Maillet, X. Zhou, R. R. Gazizulin, R. Ilic, J. M.
Parpia, O. Bourgeois, A. D. Fefferman, and E. Collin,
“Measuring frequency fluctuations in nonlinear nanome-
chanical resonators,” ACS Nano, vol. 12, pp. 5753–5760,
Jun 2018.
[41] P. Dutta and P. M. Horn, “Low-frequency fluctuations in
solids: 1/f noise,” Rev. Mod. Phys., vol. 53, pp. 497–516,
July 1981.
[42] A. D. Fefferman, R. O. Pohl, A. T. Zehnder, and J. M.
Parpia, “Acoustic properties of amorphous silica between
1 and 500 mk,” Phys. Rev. Lett., vol. 100, p. 195501, May
2008.
[43] L. Faoro and L. B. Ioffe, “Interacting tunneling model for
two-level systems in amorphous materials and its predic-
tions for their dephasing and noise in superconducting
microresonators,” Phys. Rev. B, vol. 91, p. 014201, Jan
2015.
[44] R. O. Pohl, X. Liu, and E. Thompson, “Low-temperature
thermal conductivity and acoustic attenuation in amor-
phous solids,” Rev. Mod. Phys., vol. 74, pp. 991–1013,
Oct 2002.
[45] N. W. Ashcroft and N. Mermin, Solid State Physics.
South Melbourne: Brooks/Cole, Jan. 1976.
[46] X. Zhou, D. Cattiaux, R. R. Gazizulin, A. Luck, O. Mail-
let, T. Crozes, J.-F. Motte, O. Bourgeois, A. Fefferman,
and E. Collin, “On-chip thermometry for microwave op-
tomechanics implemented in a nuclear demagnetization
cryostat,” Phys. Rev. Applied, vol. 12, p. 044066, Oct
2019.
[47] J. D. Teufel, J. W. Harlow, C. A. Regal, and K. W.
Lehnert, “Dynamical backaction of microwave fields on
a nanomechanical oscillator,” Phys. Rev. Lett., vol. 101,
p. 197203, Nov 2008.
Relaxational TLS-strain interaction
The following derivation is adapted from several reference texts [31], which we briefly recall while adding features
such as the reduced dimensionality (phonon-wise) and the string nature of the nanomechanical beam. A single TLS
(see Fig. 1 of the main text) is modelled as a double-well potential, each one locally in its ground state (the intra-well
energy spacing is on the order of the Debye frequency  kBT/~). The double well is characterized by its asymmetry
∆, barrier height V0 and distance d in space, which is typically a few A˚. Following the WKB approximation we model
the overlap between the two wells’ wave functions |ΨL〉, |ΨR〉 to vanish exponentially as 〈ΨL|ΨR〉 = e−λG where
λG = d
√
2maV0/~ is the Gamov factor. The coupling matrix element between the two wells write ∆0 = ~Ω0e−λG ,
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where Ω0 is a reference energy scale. The Hamiltonian of a single TLS in the position basis {|ΨL〉, |ΨR〉} thus writes:
Hˆ(p)0 =
1
2
(
∆ ∆0
∆0 −∆
)
=
∆0
2
σˆx +
∆
2
σˆz, (S04)
where we introduce the usual Pauli matrices σx,z. Eigenenergies ε± = ±
√
∆2 + ∆20/2 are straightforwardly obtained,
and we can thereafter characterize the TLS through its energy splitting ε = ε+ − ε− =
√
∆2 + ∆20. In typical
amorphous solids at low temperatures compared to the glass transition temperature, it is commonly assumed [31]
that the distribution of TLS follows P (∆,∆0) = P0/∆0. This rewrites for a different set of variables using the
jacobian transform P (ε,∆0) = P0/(∆0
√
1−∆20/ε2). Let us now assume the NEMS is driven: this corresponds to a
strain perturbation which, at the level of the TLS, influences its energy landscape through local atomic displacements.
The applied strain field E in the MHz range corresponds to a wavelength much larger than the typical TLS interwell
spacing d and therefore can be treated as a linear perturbation to the TLS Hamiltonian, which changes the asymmetry
of the TLS but negligibly affects its tunneling amplitude. In the position basis, we thus write it Hˆ(p)int,ph = −γE σˆz,
where γ = 12∂∆/∂E is the deformation potential energy, i.e. the TLS-strain coupling constant. Rewritten in the TLS
energy basis {| − ε/2〉, |ε/2〉} ≡ {|g〉, |e〉} the interaction Hamiltonian is:
Hˆ(ε)int,ph = −
γE
ε
(∆σˆz −∆0σˆx) . (S05)
We then introduce the occupation probabilities of the TLS pg,e and its polarization p = pe−pg. At thermal equilibrium
p0 = 〈σˆz〉T = − tanh(ε/2kBT ). Applying a classical strain field E = E0 cos(ωt) modulates the energy splitting and
thus leads to a change in polarization δp = p− p0 away from equilibrium. For small perturbations, one can write the
evolution of p using the relaxation time approximation:
p˙ = −p− pst
τ
, (S06)
where pst is the instantaneous equilibrium value corresponding to a given strain magnitude E , and τ the relaxation
time of the TLS. Developing at first order in the strain field, one can link pst to the thermal equilibrium polarization
p0:
pst ≈ p0 + ∂p0
∂∆
· ∂∆
∂E E = p0 +
γE
kBT
∆
ε
sech2
(
ε
2kBT
)
. (S07)
Eq. (S06) can now be rewritten for δp:
τ δ˙p = −δp− γE
kBT
∆
ε
sech2
(
ε
2kBT
)
. (S08)
Assuming a sinusoidal excitation at frequency ω, i.e. E = E0eiωt, one can define a TLS susceptibility in polarization
χ(ω) = δp/E0:
χ(ω) =
γE
kBT
∆
ε
sech2
(
ε
2kBT
)
1
1− iωτ . (S09)
From this we can write the power dissipated by the applied strain through a single TLS relaxation: using the interaction
Hamiltonian (S05), the applied strain changes the internal energy by an amount δU(t) = γ∆δp(t)/ε. The imaginary
part in frequency domain of the energy change, proportional to that of the TLS susceptibility (S09), corresponds to
the dissipated energy, from fluctuation-dissipation theorem. Integrating over an oscillation cycle, we thus obtain the
power dissipated by a continuously strain-driven TLS:
Pε =
(γE0)2
2kBT
(
∆
ε
)2
sech2
(
ε
2kBT
)
ω2τ
1 + ω2τ2
. (S010)
We then introduce the reduced variables u = ε/kBT, v = ∆/ε. The power dissipated by a collection of TLS per unit
volume thus writes
PV =
P0ω(γE0)2
2
∫ ∞
0
du
∫ 1
0
dv
v2
1− v2 sech
2
(u
2
) ωτ(u, v, T )
1 + ω2τ2(u, v, T )︸ ︷︷ ︸
I(T )
. (S011)
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Note that the integral I(T ) diverges in the general case. However, the explicit dependence on u, v of the TLS
relaxation time usually regularizes the integrand. To obtain the total power dissipated we sum over the whole NEMS
space. However, care must be taken because the strain is not uniform for our structure, a point which is not usually
considered in the standard approach for TLS-driven dissipation but was addressed by Ref. [8]. Note that this is
different from considering the contribution of string elongation to energy loss, which can be neglected [8]. For a string
undergoing flexure [11], the macroscopic imposed strain field oscillates with an amplitude
E0(xt, z) = ∂
2Ψ(z)
∂z2
x0xt, (S012)
where x0 is the NEMS oscillation amplitude at mid abscissa, xt the local coordinate spanning the beam thickness from
−e/2 to e/2 and Ψ(z) is the excited mode shape. For a high-stress doubly clamped beam, the fundamental flexural
mode shape writes: Ψ(z) = cos(piz/l). The total power is thus P = w × ∫ dzdxtPV (xt, z). We equate it with the
expression obtained by macroscopic arguments from Newton’s second law P = 12mω
2x20Γ, where m = ρewl/2 is the
mode mass of the NEMS, ρ being its mass density. We finally obtain the generic expression of the TLS contribution
to the NEMS damping rate:
Γ[τ ] = Cω
∫∫
dεd∆P (ε,∆)
(
∆
ε
)2
sech2
(
ε
2kBT
)
ωτ(ε,∆)
1 + ω2τ2(ε,∆)
, (S013)
where C = P0γ
2pi2e2/12σ0l
2, σ0 = 1.1±1 GPa being the pre-stress in the SiN layer. C can be seen as a dimensionless
TLS-strain coupling strength. In particular, at high enough temperature, the damping rate (S013) reaches a plateau,
regardless of the microscopic TLS relaxation mechanism:
Γ ≈
ωτ1
piωC
2
. (S014)
Interestingly, the C value obtained from the plateau in damping has been experimentally found to vary only little
(10−4 − 10−3) for a wide range of macroscopic amorphous solids, which has led to a debate on a possible universality
of glasses at low temperature [24, 44]. Note that since ω ∝ √σ0 and C ∝ 1/σ0, in the high-stress limit the damping
will essentially follow Γ ∝ 1/√σ0, that is, an axial stress load reduces the dissipation induced by TLS.
Let us also mention that our derived value of C differs from the usual expression C0 = P0γ
2/ρc2, where c =
√
E/ρ
is the typical sound speed in the material, E being the material Young’s modulus. However, we stress that the
discrepancy is due to the string nature of the high-stress mechanical resonator combined with its high aspect ratio.
The link between our value and the commonly derived one C0 is:
C =
(pie
l
)2 E
12σ0
C0. (S015)
This result is quite interesting: it directly links the damping rate to the aspect ratio of the string, quadratically, as
compared with a bulk macroscopic body.
In the low temperature limit, TLS typically relax to equilibrium on a timescale longer than the driving period, i.e.
ωτ  1. In that limit, the damping rate is an explicit function of τ and therefore depends on the microscopic TLS
relaxation mechanisms:
Γ = C
∫ ∞
0
du
∫ 1
0
dv
v2
1− v2 sech
2
(u
2
)
τ−1ph (u, v, T ), (S016)
We first consider relaxation only to a phonon bath. The generic relaxation rate can be obtained using perturbation
theory in the interaction Hamiltonian (S05), where now E is the strain operator relative to all phonon modes of
wavevector k and polarization s. We make a few assumptions: first, the beam confines transverse modes, such
that their lowest energies are ~c/w, ~c/e  kBT below 1 K (this is equivalent to saying that the dominant thermal
wavelength is larger than these modes’ wavelengths). As a result, these modes are not thermally excited and thus
will not contribute to the TLS relaxation. Second, since shear produces a much smaller deformation locally than a
longitudinal strain, we assume that torsional modes, that emerge from shear, couple much less to TLS than longitudinal
modes do. This leaves only longitudinal modes and the two flexural families. Let us address first the longitudinal
modes. In a second quantized form [45]:
∣∣∣Eˆ∣∣∣ = ∑
k
√
~
2ρV ωk
k
(
aˆ†k + aˆ−k
)
. (S017)
S9
The matrix element Qemk (∆0, ε) for such an interaction, considering a TLS emission event into the phonon mode, is
|Qemk (∆0, ε)| =
∣∣∣〈g, nk + 1 ∣∣∣Hˆ(ε)int,ph∣∣∣ e, nk〉∣∣∣ = γ∆0kε
√
~(nk + 1)
2ρV ωk
, (S018)
while the matrix element for the absorption process writes |Qabsk | = |Qemk |
√
nk/(nk + 1). Using thermal average over
the squared matrix element and through Fermi’s Golden Rule, one then obtains the relaxation rate of a single TLS
to the phonon bath:
τ−1ph =
2pi
~
∑
k
[〈
|Qemk (∆0, ε)|2
〉
T
δ(ε− ~ωk) +
〈∣∣Qabsk (∆0, ε)∣∣2〉
T
δ(ε+ ~ωk)
]
. (S019)
Going to the continuum limit, and using the Debye approximation for the phonon modes ωk = clk, (cl =
√
E/ρ is
the longitudinal sound speed) the relaxation rate reads:
τ−1ph =
γ2
~2ρewc3l
∆20
ε
coth
(
ε
2kBT
)
. (S020)
Note that this result was derived independently in Ref. [15]. It may be instructive to write τ−1ph in reduced variables:
τ−1ph =
γ2
~2ρewc3l
(1− v2)ukBT coth
(u
2
)
, (S021)
where we see that the u dependence outside the coth term must be the same as the one in T because of the transfor-
mation u = ε/kBT . This temperature dependence directly reflects the mechanical damping temperature dependence
at very low temperature. We use this property to disregard the contribution of flexural modes: for these, the decom-
position of the strain field writes:
Eˆf =
∑
n
√
~
2ρew
∫
Ψ2n(z)dzωn
(
aˆ†n + aˆn
)
y
∂2Ψn(z)
∂z2
. (S022)
In the string limit, the mode shapes write Ψn = cos[(n+1)piz/l] and frequencies are linked to wave numbers kn = npi/l
through a linear dispersion relation ωn = cfkn, with cf =
√
σ0/ρ the sound speed for the two flexural families (in the
string limit they have the same sound speed and mode profiles). Thus
∫
Ψ2n = l/2 for all modes, and doing the golden
rule calculation for the relaxation of a TLS located at coordinates (xt, z) in the plan parallel to flexural motion leads
to a spatially dependent relaxation rate to the flexural modes:
τ−1ph,f (ε,∆0, xt, z) =
2piγ2∆20x
2
t
ρewlcfε2
∑
n
k3n cos
2(knz) coth
(
~cfkn
2kBT
)
δ(ε− ~cfkn). (S023)
The spatial average of this rate, which has to be done in order to obtain the damping rate in the low temperature
limit [Eq. (S016)], removes the cos2 term. Besides, since the fundamental flexural mode is ∼ 17.5 MHz and all modes
are equally spaced, at worst (down to 10 mK) roughly 10 modes are thermally activated, which justifies a continuum
phonon distribution approximation for simplification. Going to the continuum limit
∑→ ∫ dkl/pi, one obtains:
〈τ−1ph,f (ε,∆0)〉 ∝ ∆20ε coth
(
ε
2kBT
)
, (S024)
which, written in reduced variables, yields a T 3 dependence of the damping, essentially negligible at low temperature
compared to the ∝ T damping due to TLS relaxation to longitudinal modes.
Phonon-driven TLS relaxation in the goalpost cantilever case
Although we are not aware of a fully comprehensive theory that could explain from first principles the T 3/2
dependence of the damping rate measured in Ref. [23], this dependence can be obtained by making some assumptions
S10
of a functional form of the phonon-driven TLS relaxation rate. Following Eq. (S013), we write in the low temperature
limit, where ωτph  1:
Γ = C ′
∫ ∞
0
du
∫ 1
0
dv
v2
1− v2 sech
2
(u
2
)
τ−1ph (u, v, T ), (S025)
where C ′ =
∫∫∫
V
P0γ
2E20/2 is denoted so to emphasize that it differs quantitatively from the C derived earlier, due to
different strain fields associated with goalpost cantilever modes. For the same reason, we cannot explicit the phonon
driven relaxation rate for lack of a consistent hypothesis about the phonon modes involved in the TLS relaxation
process. Nevertheless, from Eq. (S025) we notice that once τph is written in reduced variables (u, v), its dependence in
T is directly reflected by that of the NEMS damping rate. Therefore, based on the damping rate measurements of the
goalpost cantilever [23], we infer a dependence τ−1ph (u, v, T ) ∝ T 3/2. This implies, from the variable transformation u =
ε/kBT (see ending discussion of the previous paragraph), that a factor u
3/2 appears, since any temperature dependence
outside the coth term must be canceled when written in explicit variables. In addition, phonon emission and absorption
rates, which are summed to obtain the total relaxation rate, must obey detailed balance, i.e. τ−1ph,em/τ
−1
ph,abs = e
ε/kBT .
This leads to writing the total relaxation rate τ−1ph (u, v, T ) = f(v)u
3/2 coth
(
u
2
)
T 3/2. Finally, the action of the
interaction Hamiltonian (S05) on the TLS states Hilbert space is independent from the phonon bath characteristics
and thus is unaffected by the thermal average. The matrix element Qem,abs derived in the previous section for the
string case is thus still ∝ ∆0/ε =
√
1− v2. To sum up, one can write the phonon-driven TLS relaxation rate in a
semi-phenomenological way:
τ−1ph = α(1− v2)u3/2 coth
(u
2
)
T 3/2, (S026)
where α is a parameter that contains the TLS-strain coupling energy and ultimately depends on the NEMS geometry
and the thermal strain field spatial dependence. Combining the obtained phonon-driven TLS relaxation rate (S026)
with Eq. (S025) and performing the integration, one can explicit further the NEMS damping rate:
Γ = (1−
√
2/8)
√
piζ
(
5
2
)
αC ′T 3/2 ≈ 1.96αC ′T 3/2, (S027)
from which α and thus τph may be numerically obtained, using the value of C
′ = 1.4×104 deduced from the damping
plateau at high temperatures and leaving α as a fit parameter to match the low temperature T 3/2 asymptotic law of
the damping data in the superconducting state (here we obtain α ≈ 107 K−3/2.s−1). These values can then be used
when fitting the data in the normal state to our model including electron-driven TLS relaxation (see main text and
section below).
TLS-electron interaction
An incoming conduction electron with wave vector k may be scattered due to the atomic potential to which the
TLS contributes. In addition, it may also trigger TLS tunneling (electron-assisted tunneling) by modifying the TLS
double-well potential barrier. The Hamiltonian of the TLS-electron interaction writes in the electron Fock state
{⊗k,η |nk,η〉} ⊗ TLS position state basis {|ΨL〉, |ΨR〉} [34]:
Hˆ(p)int,el =
∑
k,q,η
(
V zk,q cˆ
†
q,η cˆk,ησˆz + V
x
k,q cˆ
†
q,η cˆk,ησˆx
)
, (S028)
where σˆx,z are the usual Pauli matrices, cˆ
(†)
k,η is the fermionic annihilation (creation) operator for an electron of wave
vector k and spin η, and V x,zk,q are longitudinal (z) and transverse (x) interaction constants. One can show that the
electron-assisted tunneling interaction parameter satisfy V xk,q ∼ 〈ΨL|ΨR〉V zk,q  V zk,q and can therefore be neglected.
Let us consider a possible microscopic mechanism of TLS relaxation to the electron bath: for an excited TLS of
energy splitting ε to relax to its ground state, tunneling must occur, which leads to a re-arranging the local atomic
configuration and thus to a modification of the local Coulomb potential. An incoming electron with wavevector k
will be sensitive to such a potential landscape change within a radius given by the typical screening length λ of the
medium. This leads to an excitation transfer between the TLS and the electron. The Hamiltonian (S028) effectively
captures this scenario: rewritten in the TLS energy basis,
Hˆ(ε)int,el = −
∑
k,q,η
V zk,q
ε
cˆ†q,η cˆk,η (∆σˆz −∆0σˆx) , (S029)
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which makes TLS transitions appear when electrons are (inelastically) scattered. The transition amplitude associ-
ated to e.g. an absorption event and involving an incoming electron of wave vector k writes, assuming state |q, η〉 is
intially unoccupied:
Mk,q,η(ε,∆0) ≡
〈
nq,η + 1, nk,η − 1, e
∣∣Hˆ(ε)int,el∣∣nq,η, nk,η, g〉 = V zk,q∆0ε
√
nk,η(nq,η + 1) (S030)
Using Fermi’s Golden Rule, taking into account both absorption and emission, we thus obtain the relaxation rate of
a TLS with energy splitting ε to the electron ensemble:
τ−1el (ε,∆0) =
2pi
~
∑
k,q,η
〈|Mk,q,η(ε,∆0)|2〉T [δ(Ek − Eq + ε) + δ(Ek − Eq − ε)], (S031)
where 〈...〉T denotes thermal average over the electron reservoir at thermal equilibrium. Applied to the matrix element
(S030) squared, it makes the product f(Ek)[1− f(Eq)] appear, where f(E) = 1/[exp([E − µ]/kBT ) + 1] is the Fermi-
Dirac distribution of the electron bath at equilibrium with temperature T and chemical potential µ. Going to the
continuum limit and introducing the (single-spin) electronic density of states (DoS) n, one obtains:
τ−1el (ε,∆0) =
4pi∆20Ω
2
~ε2
∫ ∞
0
n(E)f(E)
(
n(E + ε)[1− f(E + ε)]V 2E,E+ε + n(E − ε)[1− f(E − ε)]V 2E,E−ε
)
dE, (S032)
where Ω ∼ λ3 is the effective interaction volume, λ . 1 nm being the metallic screening length. Usual approximations
allow to simplify this result: due to fermionic occupation rules (appearing through the products f(E)[1− f(E ± ε)]),
only quasiparticle excitations within a bandwidth kBT  µ around the Fermi level effectively interact with the TLS,
which is also a low-energy excitation such that ε µ. Therefore we can make the approximations n(E) ≈ n0 (n0 ≈
1.07×1047 J−1 ·m−3 is the single-spin DoS at Fermi level), VE,E′ ≈ V . We are left with integrals
∫
dEf(E)[1−f(E±ε)]
which are analytical. In the limit kBT  µ, we finally obtain:
τ−1el (ε,∆0) =
4pi∆20K
~ε
coth
(
ε
2kBT
)
. (S033)
Additional data
Here we present additional measurements of a SiN/Aluminum nanomechanical string [46] having the same mechan-
ical properties as the beam presented in the main text aside from its length (50 µm). This nanostring, resonating at
3.79 MHz, is embedded in a 6 GHz superconducting niobium microwave LC resonator enabling its dispersive readout.
This allows us to make measurements free of magnetomotive loading, but prevents operation above 1 K and quenching
of the aluminum layer covering the beam to the normal state, since a strong magnetic field cannot be used in these
conditions. Yet, we use the frequency shift and damping data to test the STM prediction for pure phonon-assisted
relaxation of TLS.
The resonance frequency shift and damping rate measurements are summed up in Fig. S1. The data are presented
with the back-action contributions (optomechanical spring and damping) [47] carefully removed. The frequency shift
[Fig. S1a)] shows a logarithmic dependence in temperature, pointing again towards a TLS mechanism. The extracted
C = 5.28× 10−6 is low compared to values reported for bulk materials but is reasonably close to values measured in
the NEMS literature [9]. The damping rate data are captured with our model using Eq. (S013) and the relaxation
rate (S020). We fit the data to our model [solid dark red curve in Fig. S1b)] with the same TLS-strain coupling
constant γ = 9.8 eV as the one used for the main sample and a TLS density of states P0 = 7.3×1044 J−1 ·m−3, which
has the same order of magnitude as the one used for the main sample. The parameters choice is somewhat loose,
in the sense that we cannot measure and fit the damping up to a plateau due to an operation limited to very-low
temperature. Note that the value of C extracted by extrapolating our data to a high temperature plateau differs from
the one measured by frequency shift by only a factor 1.6 (close to that obtained for the main sample), again reflecting
possible refinements due to inhomogeneous TLS distribution.
For completeness, we have represented a curve based on a hypothetic electron-assisted damping if one were able to
quench the Al layer, using identical interaction strength K and fraction x parameters as those of the main sample.
While an excess damping is clearly present below 300 mK, it is not significantly contributing at higher temperatures,
being contained in the experimental accuracy. Therefore, a contribution arising from quasiparticles (which will be
smaller since their density is smaller than that of normal state electrons) is essentially negligible here, except around
1K, precisely where the purely phononic model falls a little below the measured damping.
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FIG. S1. a) Resonance frequency shift of a 50 µm long SiN nanostring as a function of temperature. The solid line is a
logarithmic fit C ln(T/T0) b) Damping rate of the NEMS resonator as a function of temperature. The dark red solid line is
a fit using Eq. (1) of the main text, with the phonon-driven relaxation rate of TLS derived in this section. The red dashed
line is the low temperature asymptotic law, linear in temperature. The blue dashed line represent the extra damping due to
conduction electrons if the Aluminum layer were quenched into its normal state. The black dashed line is an empirical ∝ T 0.65
fit.
